In the OSp invariant closed string field theory, we construct the states corresponding to parallel D-branes that are located at different points in the space-time. Using these states, we evaluate annulus amplitudes. We show that the results coincide with those of first quantized string theory. *
Introduction
D-branes have been playing an important role in understanding nonperturbative aspects of string theory. In previous works [1] [2], we studied how to describe D-branes in closed string field theory. The closed string field theory that we consider is the OSp invariant string field theory for bosonic strings [3] . (See also [4] [5] [6] [7] .) We constructed the states with an arbitrary number of coincident D-branes and ghost D-branes [8] in this closed string field theory. We can calculate disk amplitudes using these states, and the results coincide with those of first quantized string theory [2] .
In this paper, we extend our construction into the case where the D-branes are located at different points from each other in the space-time. Using such a state with two D-branes, we evaluate annulus amplitudes. We show that they coincide with the usual annulus amplitudes including the normalizations. This fact yields another evidence for our construction.
The organization of this paper is as follows. In section 2, we generalize our previous construction [2] to propose the states for N parallel Dp-branes that are located at different points from each other. We show that these states are BRST invariant in the leading order in the regularization parameter ǫ. In section 3, we compute annulus amplitudes and show that the results in first quantized string theory are reproduced. Section 4 is devoted to conclusions. In appendix A, we present details of the calculation.
States with Parallel D-branes at Different Points
The BRST invariant state corresponding to one flat Dp-brane sitting at X i = Y i (i = p + 1, . . . , 25) is constructed in [2] 1 as Here |B 0 (Y ) ≡ e −ip i Y i |B 0 denotes the boundary state for the Dp-brane located at X i = Y i and |B 0 = |B 0 (0) is given in [2] . As in [2] , we introduce the state We would like to show that the states corresponding to N such Dp-branes located at
. . , N) can be given simply as
In contrast to the case of coincident D-branes studied in [2] , we just have to consider the product of dζŌ D . Indeed, we can show that as long as
) 2 = 0 for I = J, the states (2.4) are BRST invariant in the leading order in the regularization parameter ǫ. The proof goes exactly as in [2] . One crucial difference from the coincident case is that in the limit of T = ǫ → 0 the string vertex
is suppressed by ǫ
Because of this suppression, the interaction betweenŌ D at different points can be ignored in the leading order in ǫ and the states (2.4) become BRST invariant.
The details of the calculation of V 1 (3); Y, Y ′ ; T | are presented in appendix A. The suppression stated above is intuitively obvious, because the D-branes sit at different points.
The suppression factor originates from the factor e −S cl , where S cl is the classical action given in eq.(A.11) on the worldsheet depicted in Fig. 3 in appendix A. Indeed, using the results
, we find that in the T = ǫ → 0 limit
In addition to the BRST invariance mentioned above, it is easy to see that using the states (2.4) one can calculate the disk amplitudes in the same way as in [2] following correlation function involving these two Dp-branes:
where t > 0. O φ (t, k) is the observable corresponding to the external state φ defined [11] as
where |primary φ ; k X is a normalized Virasoro primary state with momentum k, corresponding to a particle with mass M. In the correlation function (3.1) we should evaluate the contribution G φDD ′ (k) from the annulus diagram suspended between the two Dp-branes contained in |D 2+ ; Y, Y ′ . This is an order O(g) term in the correlation function (3.1).
Perturbatively, for the ζ I (I = 1, 2) integrations in eq.(2.4) the saddle point method becomes a good approximation [1] [2] and yields
where
λ 2+ . Using these, we obtain
where T corresponds to the proper time of the three-string interaction vertex. We have performed the Wick rotation so as to make the proper time Euclidean. Using eqs.(A.2) and (A.4), the right hand side of eq.(3.4) can be rewritten as
is a factor given in eq.(A.12) and δ p+1 N (p 3 ) denotes the delta function of the momentum in the directions along the Dp-branes. In the following, we would like to rewrite the right hand side of eq.(3.5) into a form which can be compared with the usual annulus amplitude.
T | can be expressed as a direct product of a state in the C,C Fock space and one in the X Fock space, namely
0 + (terms quadratic or linear in oscillators) , (3.7)
the contribution from the C,C sector to G φDD ′ (k) in eq.(3.5) becomes
From the definition of the LPP vertex [12] , one can see that the overlap
is written in terms of a correlation function on the annulus. In order to express the correlation function using the boundary states, it is convenient to use the worldsheet coordinateν depicted in Fig. 1 (b) , which is related to the coordinate ν in Fig. 3 (b) bỹ
In this coordinate, the annulus diagram in Fig. 1 (a) is described as a cylinder of circumference 2π. The length of the cylinder is −iπτ and the vertex operator corresponding to the external state is inserted atν
The overlap (3.9) can be written as a correlation function 2 on the cylinder with the coordinatẽ ν as follows:
Here L X 0 andL X 0 are the zero-modes of the Virasoro generators and |B 0 (Y ) X is the boundary state in the X sector given in [2] . V φ denotes the vertex operator of weight (
) corresponding to the state |primary φ ; k X . N(τ ) is a normalization factor independent of φ, which can be fixed by considering the case V φ = 1, and we obtain
By using eqs.(3.10), (A.3) and (A.6), we also obtain
, the integrations over the zero modes p are included in the definition of the inner product, as is usual in CFT.
Integration measure
In eq.(3.5), we should change the integration variables (α 1 , T ) to (̺,τ ). For a fixed α, eq.(3.12) implies that
We find that ∂T /∂τ becomes
where c I is given in eq.(A.13). This can be derived from eqs.(A.6), (A.7) and (A.13) as follows:
Here we have used the fact that the theta function ϑ 1 (ν|τ ) satisfies the heat equation,
S-matrix element
Collecting all these results, we can obtain
In order to obtain the S-matrix element S φDD ′ for the process we are considering, we need look for the singular behavior of G φDD ′ (k) near the mass-shell of the external state, namely k 2 + M 2 ∼ 0. As explained in [11] , such singularity comes from the region α ∼ 0 in the integration over α, and we find
Here we have used the relation
Thus we obtain the S-matrix element S φDD ′ ,
where the momentum kμ (μ = 0, . . . , 25) of the vertex operator V φ is subject to the on-shell condition:
Here we have performed the Wick rotation to make the space-time signature Lorentzian.
In this form, it is obvious that S φDD ′ is proportional to the S-matrix element in first quantized string theory. The factor ∞ n=1 1 − e 2πinτ 2 coincides with the ghost contribution to the partition function. As is described in Fig. 1 (b) , the worldsheet of the process we are considering is a one-punctured cylinder. In eq.(3.23), the S-matrix element S φDD ′ is expressed as an integral over the moduli space of the one-punctured cylinder with the correct integration measureτ dτ d̺. We notice that in this integral the moduli space is covered completely and only once.
Factorization of S-matrix element
Let us check that the S-matrix element in eq.(3.23) has the correct normalization. This can be done by considering the S-matrix element S φDD ′ in the simplest case where V φ corresponds to the tachyon:
• denotes the normal ordering of the oscillators. We examine the behavior of S φDD ′ at the poles from the tachyons of the closed strings exchanged between the two D-branes in Fig. 1 (a) . This corresponds to the scattering process sketched in Fig. 2 . In order to obtain the singular behaviour, we perform the Fourier transformation of the S-matrix element S φDD ′ with respect to Y i and Y ′i , and then put the conjugate momenta k 1 and k 2 close to the massshell of the tachyon. In the region where k 
where 
More general amplitudes
It is easy to generalize the calculation above and consider more general annulus amplitudes. We can also calculate the annulus amplitudes with any number of closed string insertions.
We can compute such amplitudes by using the fact that the three-string interaction vertex overlapped by an external state reduces to the vertex operator for the state, when the external state is close to the mass-shell [2] . Therefore the computation comes down to the one we have done above. It is easy to check that the resulting S-matrix elements are expressed as an integral over the moduli space with the appropriate measure and have the correct normalizations.
Conclusions
In this paper, we construct states corresponding to N parallel Dp-branes located separately from each other. We show that these states are BRST invariant in the leading order in ǫ. Using these states, we can calculate annulus amplitudes. We show that usual annulus amplitudes are reproduced. The analyses in this paper provide another evidence for our construction of the D-brane states in the OSp invariant closed string field theory.
A Details of Calculation of
In this appendix, we present details of the calculation of the string vertex (2.5).
The vertex (2.5) is expressed as
As carried out in [2] , we introduce the complex coordinate ρ on the worldsheet for the string diagram corresponding to the vertex (A.2) depicted in Fig. 3 (a) . 
where E(3) consists of terms linear or quadratic in α
Mandelstam mapping
In order to evaluate the string vertex (2.5), we use the Mandelstam mapping introduced in [2] ,
and ϑ 1 (ν|τ ) is a Jacobi theta function. This is the mapping between the ρ-plane and the rectangle on the complex ν-plane defined by − ( Fig. 3 (b) ). Here τ = iτ 2 (τ 2 ∈ R, τ 2 ≥ 0) is the modulus of the annulus and the identification ν ∼ = ν + τ should be made. The interaction points ν ± I on the ν-plane and the modulus T on the ρ-plane satisfy dρ dν (ν
From the Mandelstam mapping (A.6), one can find that the boundary conditions imposed on the worldsheet variables X i (ν,ν) (i = p + 1, . . . , 25) on the ν-plane are 8) and the other worldsheet variables X µ (ν,ν) (µ = 26, 1, . . . , p), C(ν,ν) andC(ν,ν) obey the same boundary conditions as those in the case considered in [2] . Therefore, the classical configurations X N cl (ν,ν) for the worldsheet variables around which the quantum fluctuations X N (ν,ν) should be considered are
, we compute the annulus partition function Z(τ, ∆Y ) on the ν-plane (other than the effects of the puncture ν = V 3 and the interaction points ν = ν ± I ). We find that
where S[X] is the worldsheet action and S cl denotes its classical value given by 
where K 1 (3; T ) = K 1 (3; 0, 0; T ) is evaluated in [2] and c I is
(A.13) .5) can be determined by the equa-
where ν 3 and ν 
Ghost field insertion
Finally, we consider the effect of the insertion of the ghost field in the vertex V and thus finite. Combined with eq.(2.6), this yields the suppression stated in section 2, and one can deduce that the states (2.4) are BRST invariant in the leading order in ǫ.
In this limit, eq.(A.18) becomes the idempotency equation [14] in the OSp invariant string field theory [2] . By taking the limit ǫ one can find that eq.(A.18) turns out to take a form similar to that given in [14] .
